Wnt-1 induces morphological transformation of C57MG mammary epithelial cells and accumulation of cytosolic b-catenin whereas Wnt-5a has no eect. To identify regions within the 370 amino acid Wnt-1 protein required for these functions we tested eleven chimeric genes that contained variable amounts of Wnt-1 and Wnt-5a sequence. Transformation and b-catenin regulation in C57MG cells is controlled by amino acids that lie within 186 residues of the amino terminus of Wnt-1. Small substitutions between residues 186 and 292 reduced Wnt-1 activity. Replacement of the carboxy terminal 79 amino acids of Wnt-1 by Wnt-5a did not aect function. These results were supported by transient expression asssays in 293 cells wherein b-catenin accumulated in the cytoplasm in response to ectopic Wnt-1 expression. In 293 cells, a larger region of the amino-terminus of Wnt-1 was found to be required for b-catenin regulation. Nonfunctional chimeras that contained at least 99 amino terminal Wnt-1 residues inhibited Wnt-1 stimulation of 293 cells. One of these chimeras inhibited both Wnt-1 and Wnt-3 activity suggesting that Wnt-1 and Wnt-3 interact with a common signaling component.
Introduction
Wnt-1 is a member of a large gene family that functions in a myriad of processes including cell growth, cell fate determination, organogenesis, and oncogenesis (Cadigan and Nusse, 1997; Nusse and Varmus, 1992; Parr and McMahon, 1994) . Wnts are intercellular ligands that stimulate cells in vitro in an autocrine and paracrine manner (Jue et al., 1992; Mason et al., 1992; Zecca et al., 1996) and act as morphogens in vivo (Cumberledge and Krasnow, 1993; van den Heuvel et al., 1989; Zecca et al., 1996) . The primary sequences of murine Wnt proteins are highly related sharing 40 ± 90% amino acid sequence identity.
Wnts are secretory glycoproteins that associate mainly with the cell surface and the extracellular matrix (Bradley and Brown, 1990; Papko and Schryver, 1990) . The anity of Wnts for the cell surface may be due to interactions with glycosoaminoglycans whose synthesis is required for wingless activity (Binari et al., 1997; Haerry et al., 1997) . In the case of Wnt-1, cellular association may be speci®ed by a basic region encoded at the C-terminus . Wnts that are tethered to the cell surface retain paracrine activity (Parkin et al., 1993; Zecca et al., 1996) . Small amounts of biologically active Wnt-1 or Drosophila Wnt-1 (Wingless) appears in the culture medium of cells (Bradley and Brown, 1995; van Leeuwen et al., 1994) but these soluble Wnt proteins have yet to be puri®ed. N-linked glycosylation results in several distinct forms of Wnt proteins 36 ± 44KDa Burrus and McMahon, 1995; Mason et al., 1992; Papko et al., 1987; Shimizu et al., 1997; Smolich et al., 1993) . The largest forms are detectable extracellularly suggesting that highly glycosylated forms are secreted most eciently (Papko and Schryver, 1990; Smolich et al., 1993) . However, Nlinked glycosylation is not required for activity of Wnt-1 . The overwhelming amount of Wnt protein is intracellular and associated with secretory vesicles (Burrus and McMahon, 1995; Papko et al., 1987) and BiP, an endoplasmic reticulum lumenal protein bound to poorly folded proteins . Diculties in secretion of Wnts may be due to the number of cysteines (22 ± 23), some of which are known to be critical for activity McMahon and Moon, 1989) .
Wnt proteins are divided into two activity groups exempli®ed by Wnt-1 and Wnt-5a. Wnt-1 transforms the mouse mammary epithelial cell line C57MG (Shimizu et al., 1997; Wong et al., 1994) and stimulates duplication of the embryonic axis in Xenopus (McMahon and Moon, 1989) . Members of the Wnt-5a class, on the other hand, are unable to transform C57MG (Shimizu et al., 1997; Wong et al., 1994) or induce axis duplication although they aect Xenopus development in other ways (Du et al., 1995; Moon et al., 1993) . Regions within Xenopus Wnt-8 and Xenopus Wnt-5a that control axis formation and inhibition, respectively, have been described (Du et al., 1995; Moon et al., 1993) .
The presumptive cell surface receptors for Wnt ligands are the frizzleds, a class of seven-pass transmembrane proteins that contain an amino terminal cysteine-rich binding domain (CRD) (Bhanot et al., 1996; He et al., 1997; Wang et al., 1996) . The CRD is also found within a group of frizzled-related secretory proteins (frps) that includes FrzB-1, an antagonist of Wnt-1 activity in Xenopus and mammalian cells (Finch et al., 1997; Hoang et al., 1996; Leyns et al., 1997; Rattner et al., 1997; Wang et al., 1997) .
The Wnt-1 (wingless in Drosophila) signal is thought to be transduced sequentially by a frizzled family member, orthologs of Drosophila dishevelled, glycogen synthase kinase-3, armadillo orthologs b-and gcatenin, and members of the Tcf/LEF-1 family of transcription factors (Dale, 1998; Hunter, 1997; Klingensmith and Nusse, 1994; Klymkowsky, 1997; Miller and Moon, 1996) . b-catenin plays a critical role in Wnt-1 signaling. Overexpression of b-catenin in Xenopus embryos is sucient to recapitulate the eects of Wnt-1 (Fagotto et al., 1997; Heasman et al., 1994; Yost et al., 1996) and a null mutant of armadillo resembles the wingless phenotype in Drosophila Peifer and Wieschaus, 1990; Wieschaus and Riggleman, 1987) . Wingless, Wnt-1 and certain other Wnts induce the accumulation of bcatenin in insect and vertebrate cells and this functions as a rapid and speci®c biochemical assay for cellular response to these ligands (Hinck et al., 1994; Peifer et al., 1994; Shimizu et al., 1997; Young et al., 1998) .
Morphological transformation of cultured mammalian cells is an alternate way of assaying the biological activity of dierent Wnt gene family members. Several cell lines are known to respond morphologically to Wnt-1 (Bradbury et al., 1994; Brown et al., 1986; Rijsewijk et al., 1987; Young et al., 1998) including C57MG, a mouse mammary epithelial cell line that has a¯at, cobblestone-like morphology at con¯uence (Brown et al., 1986) . Ectopic expression of Wnt-1 in C57MG mammary epithelial cells converts these cells by autocrine and paracrine signals to densely packed, elongated, refractile forms (Brown et al., 1986; Mason et al., 1992) that is accompanied by a mitogenic eect (Blasband et al., 1992; Brown et al., 1986) . Wnt-4, Wnt-5a, and Wnt-5b, on the other hand, have no discernible aect on these cells (Shimizu et al., 1997; Wong et al., 1994) . There is also a direct correlation between the ability of speci®c Wnt family members to transform C57MG cells and their ability to induce the accumulation of cytosolic b-catenin (Shimizu et al., 1997) . Wnt-1, for example, induces morphological transformation and the accumulation of cytosolic bcatenin whereas Wnt-5a has no eect. Thus, modulation of cytosolic b-catenin may be instrumental in Wntmediated transformation of mammary epithelial cells.
To identify regions within the Wnt-1 protein that are required for transformation and signal transduction we prepared C57MG cell lines that ectopically expressed chimeric genes that contained variable amounts of Wnt-1 and Wnt-5a sequence. We found that the amino terminus was important for both transformation and cytosolic accumulation of b-catenin. Non-stimulatory chimeras that contained at least 99 amino terminal Wnt-1 residues were able to inhibit wild-type Wnt-1 stimulation of 293 cells suggesting that speci®city of signaling is determined by the amino terminus.
Results
To deduce locations within Wnt-1 that control morphological transformation and the induction of cytosolic b-catenin we prepared a panel of chimeric genes that encoded variable amounts of Wnt-1 and Wnt-5a. Figure 1 is an alignment of the mouse Wnt-1 protein to the mouse Wnt-5a protein. Wnt-1 and Wnt5a are 37% identical over the 370 amino acid residues of Wnt-1. Twenty-two cysteines are located in identical positions between the two proteins. Cleavage of the Wnt-1 leader peptide is thought to occur after alanine 27 or alanine 28 ) producing a mature Wnt-1 protein of 342 residues. We have identi®ed amongst these two proteins six regions (I ± VI) that exhibit at least 50% sequence identity. Regions of Wnt-1 were substituted for regions of Wnt-5a at locations where the two proteins are most similar (see Figures 1 and 2 ) . Thus, we avoided Figure 1 Amino acid sequence alignment of mouse Wnt-1 and Wnt-5a. Gaps are represented by dashes. Homology regions I ± VI (underlined twice) are 15 ± 53 residues in length and exhibit 550% sequence identity (*) between Wnt-1 and Wnt-5a. The locations of junctions between Wnt-1 (in bold numbers) and Wnt-5a sequences (plain text) within chimeras are shown above the Wnt-1 sequence. Residue positions at the end of each line are shown for Wnt-1 (bold) and Wnt-5a (plain text). Diamonds (^^) indicate presumptive signal peptidase cleavage sites within Wnt-1 . The leader peptide cleavage site within Wnt-5a is not known. An alignment of murine Wnt-1 to additional mammalian Wnt proteins is found in (Gavin et al., 1990) Figure 2 A description of Wnt cDNAs that are chimeric for Wnt-1 and Wnt-5a. The contribution of Wnt-1 (shaded region) and Wnt-5a (light region) to each chimera is indicated. Due to internal variations in length between the two proteins the Wnt-5a sequence appears disproportionately represented by ten residues. The abilities of chimeras to eect morphological transformation and the accumulation of cytosolic b-catenin in C57MG is summarized to the right side of each chimera. Chimera N and O were not transforming (data not shown). The speci®c contribution of Wnt-1 and Wnt-5a codons to each chimeric cDNA is as follows: ( creating novel sequences at the junctions of Wnt-1 and Wnt-5a while maintaining the integrity of both conserved regions and unique regions that, presumably, control Wnt-1 speci®c activity.
Domains within Wnt-1 that govern morphological transformation of C57MG cells and cytosolic accumulation of b-catenin
Regions within the Wnt-1 gene that are critical to its role as a transforming oncogene were determined using an established assay in which the mammary epithelial cell line C57MG undergoes morphological transformation in response to Wnt-1 but not Wnt-5a (Shimizu et al., 1997; Wong et al., 1994) . Morphological criteria were used to compare cell lines in which gene chimeras were ectopically expressed. These chimeras are shown schematically in Figure 2 . Ectopic expression of the Wnt-5a gene did not alter the phenotype of C57MG cells whereas ectopic Wnt-1 gene expression converted these¯at, cuboidal cells to elongated, refractile (brighter) forms that continued to grow beyond con¯uence ( Figure 3 ). The amino terminus of Wnt-1 is necessary for transformation because a chimera that contained as little as 110 residues of Wnt-5a sequence at the amino terminus was not functional (see chimera E). Chimeras F and G contained greater contributions of Wnt-5a sequence and, as expected, were not transforming. A transformed phenotype was detected when 186 amino acid residues of Wnt-1 sequence was present at the amino terminus (see chimera B). Cells expressing this chimera were more densely packed and refractile than either the control cell line or a cell line expressing chimera A where the contribution of Wnt-1 sequence is 99 residues. Thus, transformation is controlled, in part, by a domain that extends 100 ± 186 residues from the amino terminus of Wnt-1. The transforming activity of chimera B also illustrates that the carboxy terminal 184 residues of Wnt-1 can be replaced by Wnt-5a. Although chimera B induced a change of morphology in C57MG cells it did not appear to be as strong as the wild-type Wnt-1, itself. The transformed phenotype was accentuated when the contribution of amino terminal Wnt-1 sequence to the chimera was increased. Chimeras C and D, for example, elicited transformed phenotypes that were more robust than chimera B. Thus, the region between residues 186 and 292 augments the activity of Wnt-1 residues 1 ± 186 in chimera B. Figure 4a shows that, with the exception of chimera F, the non-transforming gene chimeras were expressed in C57MG cells as eciently as those that induced transformation. The apparent molecular weights of these chimeric proteins is concordant with sizes predicted by conceptual translation of the open reading frame and potential glycosylation sites .
We have previously shown that transforming Wnt genes induce the accumulation of cytosolic b-catenin in C57MG (Shimizu et al., 1997) . Thus, Wnt-1 induces the accumulation of cytosolic b-catenin whereas Wnt5a has no eect. Figure 5a shows that b-catenin was detected exclusively within cytosolic extracts of those chimera-expressing cell lines that displayed transformed morphologies including B, C, D. The sequence alignment of Wnt-1 and Wnt-5a in Figure 1 shows six blocks of homology (I ± VI), two of which are interrupted by regions of length variation between homology blocks III and IV and, V and VI. The in¯uence of these length variation regions on Wnt-1 function was assessed by examining the activities of chimeras K and M wherein Wnt-1 sequences were Figure 3 Morphological responses of C57MG epithelial cell populations expressing HA-tagged Wnt cDNA chimeras. Cells were seeded into six-well dishes and left to grow until 50 ± 80% con¯uence when the medium was replaced by HB-CHO containing 1.5 mM sodium butyrate as described in Materials and methods. Cells were photographed 3 days later. Control refers to a population of cells infected by retrovirus containing a Wnt-gene chimera that was not expressed. Each set of chimeric Wntexpressing cell populations were assayed at least twice (see Materials and methods) replaced by Wnt-5a sequences at these locations (see Figure 2 ). These chimeras retained the ability to eect transformation by eliciting a phenotype that was most similar to chimera B expressing cells and each induced the accumulation of cytosolic b-catenin (Figure 5a ). The results show that these length variation regions can be modi®ed without destroying Wnt-1 activity.
Cytosolic b-catenin accumulation within 293 cells upon transient expression of gene chimeras
We have previously shown that transient Wnt-1 gene expression within the embryonic kidney cell line, 293, induces the accumulation of cytosolic b-catenin . This observation, in conjunction with the cytosolic b-catenin assay described by Shimizu et al. (1997) is a rapid way to assess Wnt-1 activity in mammalian cells and provided us with an additional means to assess structure-function relationships of these chimeras. 293 cells, like C57MG, responded to Wnt-1 but not Wnt5a (compare Figure 5a and b) . Chimeras that failed to stimulate C57MG, such as A and E, also failed to stimulate 293 cells. Chimeras B and C, on the other hand, were able to stimulate C57MG but they failed to stimulate 293 cells. These chimeras contained less amino terminal Wnt-1 sequence than chimeras D and K and were weaker inducers of morphological transformation in C57MG cells (see Figures 2 and 3 ). Among the chimeras tested, only D and K were able to elicit a response in 293. The failure of chimeras B and C to induce the accumulation of cytosolic b-catenin could not be attributed to inadequate levels of expression because all chimeric proteins were present at comparable levels ( Figure 4b) . Thus, several chimeras that were active in C57MG cells were not active in 293 cells.
We took advantage of the restricted responsiveness of 293 cells to Wnt-1 stimulation by asking whether chimeras that do not function as ligands can block the ability of wild-type Wnt-1 to stimulate 293 cells. A similar experimental approach was used to demonstrate that FrzB-1 functions as an antagonist of Wnt-1 in 293 cells . Thus, 293 cells were cotransfected by a Wnt-1 expression vector in the presence of excess competitor expression plasmids. Figure 6a shows that Wnt-1 mediated cytosolic accumulation of b-catenin was blocked by chimeras A, B, C, M and N. These chimeras share 99 aminoterminal residues of Wnt-1 sequence. Chimeras E, G, 
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Wnt-1 gene expression was detected in 293 cells co-transfected by an excess of chimera A plasmid. Pellet (membrane)-derived proteins were electrophoresed, blotted and exposed to Mc123, a monoclonal antibody that binds a determinant present in wild type Wnt-1 but not chimera A . The far-right lane is a control for antibody binding and O, on the other hand, did not compete and these contained at least 110 amino terminal residues of Wnt5a.
Chimera A did not stimulate C57MG or 293 cells but functioned as an inhibitor of Wnt-1 in 293 cells. The inhibitory eects of chimera A was apparent when 10 mg of competitor plasmid DNA was transfected (Figure 6b ). Neither Wnt-5a or chimera G were inhibitory within the range of plasmid DNA tested. These results show that stimulation of 293 cells by Wnt-1 is controlled, in part, by a domain that lies within 99 residues of the amino terminus. The possibility that chimera A blocked Wnt-1 activity by suppressing ectopic Wnt-1 gene expression was excluded because Wnt-1 protein levels were not reduced in 293 cells that ectopically co-expressed a Wnt-1 gene and chimera A (see Figure 6c) .
Stimulation of 293 cells by Wnt-1 and Wnt-3 is blocked by a chimera that contains 99 amino terminal residues of Wnt-1
The response of C57MG cells to stimulation by Wnt-1 and Wnt-3 is detectable by cytosolic accumulation of b-catenin (Shimizu et al., 1997) . Figure 7 shows that 293 cells are also stimulated by Wnt-1 or Wnt-3. We asked whether the ability of Wnt-1 and Wnt-3 to stimulate 293 cells could be attributed to a common structural determinant. We demonstrated in Figure 6 that Wnt-1 activity is abrogated by a chimera that contains 99 amino terminal Wnt-1 residues whereas Wnt-5a was not inhibitory. Figure 7 shows that chimera A also blocked Wnt-3 stimulation of 293 cells at plasmid DNA inputs of 10 and 20 mg whereas Wnt-5a did not inhibit Wnt-3 at 10 mg and partially inhibited Wnt-3 at 20 mg. These results, obtained in three independent experiments, suggest that Wnt-1 and Wnt-3 are functionally similar due to a common determinant that is not found in Wnt-5a.
Discussion
We identi®ed three domains within Wnt-1 that control its ability to induce morphological transformation of C57MG and the accumulation of cytosolic b-catenin. Three dierent experimental methods were used to identify and map these domains. The activities of chimeric genes in stable cell lines of C57MG were compared by assessing both morphological transformation and the accumulation of cytosolic b-catenin. The activities of chimeric genes were compared in transiently transfected 293 cells again, by detecting the accumulation of cytosolic b-catenin. These experiments were augmented by competition assays in 293 cells where the ability of Wnt-1 to induce cytosolic accumulation of b-catenin was challenged by cotransfected chimeric genes or Wnt-5a.
We found that the amino terminal 99 residues of Wnt-1 contains a determinant that distinguishes Wnt-1 from Wnt-5a. These conclusions are based on several lines of evidence summarized in Figure 2 and Table 1 . Chimeras E and O contained amino terminal Wnt-5a residues and were neither active ligands or inhibitors. Chimeras A, B, C and N, on the other hand, functioned as inhibitors of Wnt-1 in 293 cells because they shared at least 99 amino terminal Wnt-1 residues (see Figure 2) . Thus, we identi®ed a structural determinant that is unique to Wnt-1. Although the determinant contributes to ligand activity it requires a second domain, between residues 99 and 187, to promote signaling. Chimeras N and B were useful in mapping the position of this domain. Chimera N was unable to stimulate C57MG or 293 cells because it lacks Wnt-1 residues 100 ± 186. It functioned as a competitor because it retains the amino terminal Wnt-1 speci®c determinant. Chimera B, on the other hand, transformed and induced the accumulation of b-catenin in C57MG because it contained residues 1 ± 99 and Wnt-1 residues 100 ± 186.
Other reports suggest that the amino terminus is important for function. Certain naturally occurring carboxy terminal deletion mutants of wingless are active ligands (Bejsovec and Wieschaus, 1995) . Carboxy terminal deletion mutants of mouse Wnt-1 and Xenopus Wnt-8 truncated to mouse codon 299 blocked endogenous XWnt activity (Hoppler et al., 1996) . Truncations beyond this point destroyed activity.
We found that a third domain appears to modulate the intensity of Wnt-1 transforming activity and the accumulation of cytosolic b-catenin. It was identi®ed by replacing small segments of Wnt-1 with Wnt-5a, between residues 186 and 292. C57MG cells expressing (Figure 2) . We conclude that the carboxy terminus of Wnt-1 can be replaced by Wnt-5a without detectable loss of activity. Mouse Wnt-1 is functionally equivalent to XWnt-8 in axis-inducing assays. Gene chimeras comprised of variable amounts of Xenopus Wnt-8 and Xenopus Wnt5a diered in their ability to rescue axis formation in UV-ventralized embryos (Du et al., 1995) . The axisinducing activity of a chimera analogous in its design to chimera D, but using XWnt-8 instead of Wnt-1, was active. However, a chimera that was structurally equivalent to chimera C was inactive. Thus, axis inducing activity is controlled by the carboxy terminus of XWnt-8. We found that morphological transformation of C57MG and the accumulation of cytosolic bcatenin is controlled by amino terminal rather than carboxy terminal residues (see Figure 2 ). This conclusion is supported by several lines of evidence. We found that biological activity was retained by chimeras B and C in which 171 ± 184 residues of carboxy terminal Wnt-1 sequence was replaced by Wnt-5a sequence. Furthermore, sequence replacements in a sub-carboxy terminal region, between residues 186 and 292, did not destroy activity (chimeras K and M). We also found that Wnt-1 stimulation of 293 cells was blocked speci®cally by chimeras that contained amino terminal Wnt-1 sequence. Dierent Wnt protein domains may be required for Xenopus axis formation and morphological transformation of C57MG, accounting for what appear to be dierences in these two studies. Additionally, the two chimera sets included dierent Wnt proteins, Wnt-1 and Wnt-5a on one hand and XWnt-8 and XWnt-5a on the other hand.
We observed that chimeras whose activities were compromised in C57MG were comparably reduced in 293 or were inactive. The dierential response to Wnt-1 stimulation by C57MG and 293 may be due to the expression of dierent receptor(s) for Wnt-1 or intrinsic dierences within the intracellular part of the signaling pathway.
In this study we have described the use of Wnt chimeras as competitors to locate regions within the Wnt-1 ligand that control signaling. Because puri®ed Wnt ligands are not available to conduct classical receptor-binding assays we have adapted transient cotransfection assays to study ligand speci®city. Again, only chimeras that contained Wnt-1 sequence at the amino terminus blocked Wnt-1 activity. We also found that Wnt-3 stimulation of 293 cells could be blocked by a chimera that contained 99 amino terminal Wnt-1 residues. The simplest interpretation of this result is that Wnt-1 and Wnt-3 are structurally similar, allowing them to interact with an extracellular component of the signaling pathway that is common to both ligands. This component could be a Wnt receptor or a requisite co-factor. It is possible that the amino terminal 99 residues of Wnt-1 contains a determinant that allows a receptor (or co-factor) to discriminate between Wnt-1 and other Wnt ligands (Wnt-5a). The second domain, between residues 99 and 187, might interact with the amino terminus of Wnt-1 to facilitate its presentation to the receptor.
Materials and methods

Preparation of chimeric Wnt genes
Hemaglutinin (HA)-tagged versions of Wnt-1 and Wnt-5a cDNAs in pBluescript are described in (Shimizu et al., 1997) . Eleven chimeric cDNAs containing variable amounts of Wnt-1 and Wnt-5a were prepared by the method of strand overlap extension (Horton et al., 1993) using these plasmids as PCR templates and restriction endonuclease digestion and ligation (see Figures 1 and 2) . Points of fusion between these two Wnt cDNAs occurred in regions of amino acid sequence identity so as not to disturb protein secondary structure (see Figure 1) . PCR products were synthesized using Pfu polymerase (Stratagene, Inc., Torrey Pines, CA, USA). Pilot experiments were conducted for each pair of primers to determine conditions that promoted maximum yield and speci®city by altering magnesium ion concentration, annealing temperature, and cycle number. The integrity of all PCR products was assessed by mapping the location of restriction endonuclease sites that distinguished Wnt-1, Wnt-5a and chimeric PCR products. Full-length chimeric cDNAs were assembled by annealing PCR products, previously puri®ed by gel electrophoresis, and amplifying them with primers complementary to pBluescript vector sequences that anked the polylinker. All chimeric cDNAs were cloned into the pZNCX retrovirus vector described below.
Cell lines
C57MG cells (Vaidya et al., 1978) were grown in Dulbecco's modi®ed Eagle (DMEM) medium (4500 mg/l D-glucose) containing 10% Fetal Bovine Serum (FBS) and 10 mg/ml insulin. The 293-derived retrovirus packaging cell line, Bosc23 (Pear et al., 1993) , was obtained from Warren Pear (MIT) and grown in DMEM containing 10% FBS. We refer to this line as 293. These cell lines were grown at 378C in 8% CO 2 .
Transfection of proviral DNA into Bosc23 and cell line generation HA-tagged Wnt-1, Wnt-5a and chimeric cDNAs or a nuclear-localizing form of the lacZ gene (LZ n ) (Jasin and Zalamea, 1992) were inserted into pZNCX, a retroviral vector of our own design, wherein cDNA transcription and neomycin phosphotransferase gene expression is controlled by an internal cytomegalovirus (CMV) enhancer/promoter.
Distinct populations of C57MG cells, each expressing a unique HA-tagged Wnt cDNA chimera, were prepared by retroviral infection. Two sets of chimeric Wnt-expressing cell populations were prepared and examined independently. Recombinant retroviruses were produced by transiently transfecting recombinant ZNCX constructs into the Bosc23 packaging cell line by calcium phosphate co-precipitation, as described by Pear et al. (1993) . Retroviral infection of C57MG cells was accomplished by co-culturing these cells and transfected packaging cells one day post-transfection as described (Brown and Dougherty, 1995) . Brie¯y, growth of transfected Bosc23 was terminated by a four hour exposure to 10 mg/ml mitomycin C (Sigma Chemical Co., MO, USA).
After mitomycin C treatment the packaging cell line was rinsed in phosphate buered saline (PBS), trypsinized, and seeded with target cells into 10 cm dishes. Infections were carried out in the presence of 4 mg/ml polybrene, for 48 h. At this time, the medium was replaced by medium containing 500 mg/ml Geneticin (GIBCO BRL Life Technologies, Grand Island, NY, USA). Colonies were apparent 5 days later and were pooled in medium containing 250 mg/ml Geneticin. These resultant populations, each comprised of at least 100 clones, were used in cellular and biochemical assays described here.
Direct Wnt transformation assays
Morphological comparisons of C57Wnt-HA cDNA chimera cell populations were made by seeding 1610 5 ± 5610 5 cells into each well of a 6-well plate. At 50% ± 80% con¯uence the medium was replaced by HB-CHO (Irvine Scienti®c, Santa Ana, CA, USA), a de®ned medium that results in quiescence of non-transformed C57MG cells . To maximize Wnt protein levels, the HB-CHO medium was supplemented with 1.5 mM sodium butyrate (n-butyric acid, sodium salt, Sigma Chemical Co., St. Louis, MO, USA) to induce expression from the CMV promoter within the retroviral vector. Sodium butyrate treatment has no detectable aect on the morphology or growth properties of C57MG cells in this assay (Shimizu et al., 1997) . Cells were photographed on Kodak Technical Pan ®lm which was developed in a small tank containing Kodak HC-110 developer (dilution B) for eight minutes.
Inhibition of Wnt-1 induced cytosolic accumulation of b-catenin in 293 cells by transient co-transfection of Wnt-1 and competitor plasmids 293 cells, grown in 10 cm dishes, were transiently transfected according to the method of Pear et al. (1993) by a plasmid cocktail containing a CMV-promoter driven Wnt-1 expression vector in the presence of competitor plasmid or carrier plasmid containing a nuclear-localizing form of the lacZ gene (pZNCLZ n ). Cells were harvested 1 to 2 days post-transfection and cytosolic extracts were prepared and analysed for the presence of b-catenin as described below.
Immunoblot analyses of Wnt-HA proteins
Wnt-HA proteins from 293 and C57MG cell populations were analysed by immunoblotting cell lysates. To maximize Wnt-HA gene expression in C57MG cells, tissue culture medium was supplemented with 1 mM sodium butyrate for 12 ± 16 h, conditions similar to those in transformation assays described above (Shimizu et al., 1997) . Cells were washed three times in cold PBS and subsequently removed from the dish in 1 ml cold PBS using a rubber policeman. Cells were pelleted by centrifugation at 2000 g at 48C for 5 min. and lysed in 90 ml TENT buer (20 mM Tris, pH 8.0, 2 mM EDTA, 150 mM NaCl, 1% Triton-X100) containing 1 mM phenylmethylsulfonyl¯uoride, 2 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mg/ml pepstatin, at 48C for 30 min. Lysates were clari®ed by centrifugation at 10 000 g at 48C for 10 min, and protein contents determined using a BioRad Protein determination kit. Samples containing 40 mg protein were electrophoresed in 10% polyacrylamide-SDS gels. Proteins were transferred from gels onto nitrocellulose ®lters by electroblotting, and subsequently incubated overnight at 48C in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.2% Tween-20) containing 1% bovine serum albumin (BSA, fraction V). Wnt-HA proteins were detected by incubating the appropriate blots in anti-HA monoclonal antibody (12CA5, Berkeley Antibody Co., Richmond, CA, USA) diluted 1 : 100 in TBST-1% BSA at room temperature for 2 h after which the primary antibody was removed by washing in TBST at room temperature three times, 5 min each. Blots were exposed to a 1 : 16 000 dilution of horseradish peroxidase-conjugated sheep antimouse immunoglobulin G (Amersham, Arlington Heights, IL, USA). After 1 h excess secondary antibody was removed as described for the primary antibody. Blots were then incubated 1 ± 2 min in enhanced chemiluminescence detection reagents (Amersham, Inc., Rockford, IL, USA) and exposed to X-ray ®lm.
Detection of cytosolic b-catenin in transiently transfected 293 cells and C57MG cells
Cytosolic and membrane preparations of transfected 293 and C57MG cells were made essentially as described by Shimizu et al. (1997) with slight modi®cations. Con¯uent cells, in 10 cm dishes, were washed three times in PBS and scraped into 0.75 ± 1ml TBS (10 mM Tris HCl, pH 7.4, 140 mM NaCl) containing 2 mM DTT, 1mM PMSF, 2 mg/ mL aprotinin, and 1 mg/mL leupeptin. The cells were homogenized by 30 strokes of a Potter-Elvejhem homogenizer and the lysate centrifuged 10 min at 500 g. The crude supernatant was recentrifuged in a Beckman SW50.1 rotor at 100 000 g, 90 min at 48C to generate a supernatant, or cytosolic, fraction and a membrane-rich pellet. Samples containing 40 mg protein were electrophoresed through 8% polyacrylamide-SDS gels, blotted onto Immobilon P (Millipore, Inc., Bedford, MA, USA) and probed by antibodies as described above except that the primary antibody was a monoclonal anti-b-catenin antibody (Transduction Laboratories, Lexington, KY, USA) used at a dilution of 1 : 2500 ± 1 : 5000. Blots were incubated 5 min in enhanced chemiluminescence detection reagents (Super Signal, Pierce, Rockford, IL, USA) that were diluted in an equal volume of water immediately before use.
Retrovirus-infected C57MG cell lines were stimulated in the presence of 1.5 mM sodium butyrate approximately 16 h prior to harvesting (Shimizu et al., 1997) .
